INTRODUCTION {#sec1-1}
============

Despite the numerous advantages of nickel--titanium (NiTi) rotary instruments, these instruments present a risk of fracture when used in curved canals, which could compromise the prognosis of root canal treatment ([@ref1]). Different alloys and variations in cross-sectional designs have been suggested to increase the resistance to fatigue fracture and flexibility of these instruments ([@ref2], [@ref3]). Additionally, reciprocating motion kinematics has also been demonstrated to extend the lifespan of a NiTi instrument and its resistance to cyclic fatigue in comparison with continuous rotation movement ([@ref2], [@ref4], [@ref5]). In this kinematics, the instruments travel a shorter angular distance compared to in conventional rotary kinematics, which are subject to lower stress values, thus rendering an extended fatigue fracture resistance ([@ref4], [@ref5]). WaveOne (Dentsply Maillefer, Baillagues, Switzerland) and Reciproc (VDW, Munich, Germany) are the main commercially available single-file systems for root canal preparation using reciprocating motion.

The thermal treatment of NiTi alloys has been successfully used to improve the mechanical properties of endodontic instruments ([@ref6]-[@ref8]). Thermomechanical processing is frequently used to optimise the microstructure and transformation behaviour of NiTi alloys, which in turn has a significant influence on the mechanical properties of NiTi files ([@ref6]-[@ref8]). Recently, a new reciprocating system was launched in the endodontic market, namely WaveOne Gold (Dentsply Maillefer). According to the manufacturer, WaveOne Gold offers the simplicity of the WaveOne system, but with additional advantages, specifically it is fabricated with NiTi and underwent repeated heat-treatment and cooling to improve the file's flexibility and strength, allowing a broader range of canal morphologies to be shaped more safely and efficiently. Moreover, the cross-section in WaveOne Gold has been improved from the triangular shape of its precursor to a parallelogram design that gives one or two cutting edges depending on the location along the file. According to the manufacturer, this new design minimizes the screwing effect and reduces the torque. However, up to now, no study has yet been done to evaluate the cyclic fatigue fracture resistance and the bending resistance of WaveOne Gold. Therefore, the aim of the present study was to evaluate and compare the cyclic fatigue fracture resistance and bending resistance of Reciproc R25, WaveOne Primary and WaveOne Gold Primary instruments. The null hypotheses tested were as follows:

That there are no differences in the cyclic fatigue fracture resistance among the instruments;

That there are no differences in the bending resistance among the instruments.

MATERIALS AND METHODS {#sec1-2}
=====================

A sample size of 60 NiTi instruments for use under reciprocation movement \[Reciproc (25/0.08), WaveOne (25/0.08) and WaveOne Gold (25/0.07)\] was tested. For reliability and standardisation of the study, all the NiTi instruments were examined for defects and deformities under a stereomicroscope.

Bending resistance test {#sec2-1}
-----------------------

The bending resistance test was performed for 10 randomly selected instruments of each system using a universal testing machine (DL 200MF; Emic, São José dos Pinhais, Brazil). A 20N load was applied at 15 mm/min by means of a flexible stainless steel wire with one end fastened to the testing machine head and the other end attached 3 mm from the instrument tip, as previously described ([@ref9], [@ref10]). This test was conducted until the tip of each specimen underwent an elastic displacement of 45°. The force values were acquired in the 45° position. ([Figure 1](#F1){ref-type="fig"}).

![a-c. Set up of bending resistence test (a), aparatus developed for the cyclic fatigue test aparatus (b) and the canal geometry schematic drawing (c)](EEJ-1-4-g001){#F1}

Cyclic fatigue test {#sec2-2}
-------------------

This test was conducted using a customised device. From a stainless steel tube, a canal with a diameter of 1.4 mm and a total length of 19 mm was fabricated. A 9 mm long curved segment with an 86° angle and 6 mm radius (measured at the internal concave surface of the tube) was created between two straight segments measuring 7 mm and 3 mm ([@ref9], [@ref10]) ([Figure 1](#F1){ref-type="fig"}).

Ten instruments of each system were activated using a 6:1 reduction handpiece (Sirona Dental Systems, Bensheim, Germany) driven by a Silver Reciproc (VDW) endodontic motor using the programs 'RECIPROC ALL' and 'WAVEONE ALL' for Reciproc and WaveOne systems, respectively. The simulated canal was filled with glycerin to reduce the friction and heat production. Each instrument was introduced into the canal until the tip touched a shield positioned at the other extremity. Afterwards, the shield was removed, as it was only used to standardise the instrument penetration into the canal. The time was recorded and stopped in the instant that a fracture was detected audibly and/or visually. Video recording was performed concurrently, and the records were then observed to cross-check the time of file fracture and to avoid human error ([@ref11]).

The fractured instrument was further cleansed in an ultrasonic bath in absolute alcohol for 5 min. A scanning electron microscope (SEM; JSM 5800; JEOL, Tokyo, Japan) was used to examine the helical shaft and the fracture surfaces of the fractured instruments to determine the fracture mode and the occurrence of plastic deformation in the helical shaft. Different magnifications were used (100X and 300X) and the photomicrographs were used for further analyses.

Statistical analysis {#sec2-3}
--------------------

A bell-shaped distribution (D'Agostino and Person omnibus normality test) was observed; therefore, statistical analysis was performed using One-way analysis of variance. Post hoc pair-wise comparisons were performed using Tukey's test for multiple comparisons (P\<0.05). SPSS 11.0 (SPSS Inc., Chicago, IL, USA) and Origin 6.0 (Microcal Software, Inc., Northampton, MA, USA) were used as the analytical tools.

RESULTS {#sec1-3}
=======

The means and standard deviations of the bending resistance and cyclic fatigue tests are shown in [Table 1](#T1){ref-type="table"}. WaveOne presented significantly higher bending resistance than the other tested systems (P\<0.05), while Reciproc presented the lowest bending resistance (P\<0.05). Moreover, Reciproc revealed a significantly longer cyclic fatigue fracture resistance (P\<0.05). No statistical differences were observed between WaveOne and WaveOne Gold (P\<0.05) regarding the cyclic fatigue fracture resistance.

###### 

Mean and standard deviation of bending resistance values and time to failure of the instruments subjected to static test

  Instruments    Maximum load (g)   Time to failure (sec)
  -------------- ------------------ -----------------------
  Reciproc       274.9±19.02^A^     212.8±35.5^A^
  WaveOne        544.8±19.9^C^      93.9±17.6^B^
  WaveOne Gold   330.3±39.1^B^      92.2±4.6^B^

Different superscript letters represent statistical differences (P\<0.05)

SEM analysis revealed that all the tested instruments displayed morphologic characteristics of a ductile fracture. No plastic deformation occurred in the helical shaft of the instruments ([Figure 2](#F2){ref-type="fig"}).

![a-f. Surface finishing of (a) Reciproc, (b) WaveOne and (c) WaveOne Gold instruments showing different patterns (100X magnification). Fractured surfaces of (d) Reciproc, (e) WaveOne and (f) WaveOne Gold instruments showing morphologic characteristics of the ductile type in 300X magnification. Red areas are the crack initiation region, and the red arrows indicates the cracks present in the overload stress zone](EEJ-1-4-g002){#F2}

DISCUSSION {#sec1-4}
==========

The dynamic cyclic fatigue model has been previously suggested in order to evaluate the cyclic fatigue fracture resistance of NiTi files ([@ref5], [@ref10]). Indeed, this model approximates to a clinical condition of brushing or pecking motion ([@ref12]); however, some limitations are observed when using this model. First, the instruments to be tested are not constrained in a precise path. Moreover, the amplitude and speed of the axial movements could be standardised using the dynamic model; nonetheless, these variables are subjective and not constant and reproducible in clinical circumstances, because this up-anddown motion is manually controlled and operator dependent ([@ref13]). Therefore, in order to eliminate confounding factors from other mechanisms of instrument separation apart from cyclic fatigue, the static model was selected in the present study.

The first null hypothesis was not accepted, as a significant difference in cyclic fatigue fracture resistance was observed among the instruments. Reciproc showed a higher cyclic fatigue fracture resistance when compared to WaveOne and WaveOne Gold instruments. Previous studies already showed the difference in cyclic fatigue fracture resistance of Reciproc and WaveOne instruments ([@ref2], [@ref10], [@ref14]). WaveOne Gold has a smaller apical taper than WaveOne and Reciproc instruments.

Moreover, it incorporates a new NiTi alloy which has undergone a thermomechanical treatment that increases it flexibility. This treatment is the same as that used in the ProTaper Gold instruments. Previous studies comparing ProTaper Universal with ProTaper Gold (with an identical geometric architecture and operation mode and only differences in the metallic alloy) demonstrated improved cyclic fatigue fracture resistance for the ProTaper Gold instruments ([@ref15]-[@ref17]). Therefore, better cyclic fatigue fracture resistance results of the WaveOne Gold instrument would be expected, especially when compared to the WaveOne instrument. However, it is important to point out that several other factors would also have considerable influence on the fatigue behaviour and stress distribution of NiTi files, including the cross-sectional area, number of threads, helical angle and others. WaveOne Gold has notable design differences when compared to the WaveOne instrument. Moreover, during the instrument fabrication, machining defects can be performed. The SEM evaluation showed different patterns in surface quality in the different systems ([Figure 1 a](#F1){ref-type="fig"}, [b](#F1){ref-type="fig"}, [c](#F1){ref-type="fig"}): WaveOne and WaveOne Gold presented more defects when compared to Reciproc. The higher amount of these defects may negatively influence the lower cyclic fatigue fracture resistance of both WaveOne systems.

Another key result of this study indicated that WaveOne files required significantly greater loads than other tested systems to reach a 45° deflection (P\<0.05). Moreover, Reciproc required a lower load to reach a 45° deflection when compared to Wave-One Gold (P\<0.05). This indicates that Reciproc is more flexible than the other instruments; hence, the second null hypothesis was rejected. Several previous studies demonstrated that rigid instruments present a lower number of cycles to fracture as a consequence of the build-up of tensions at the point of maximum flexure ([@ref2], [@ref4], [@ref9], [@ref10], [@ref14]). However, despite the greater flexibility of WaveOne Gold, no differences were observed between WaveOne and WaveOne Gold in terms of cyclic fatigue fracture resistance. According to the manufacturer, the new parallelogram cross-section gives one or two cutting edges depending on the location along the instrument; this can generate a higher state of stress when compared with the triangular shape, which distributes the load over more cutting edges. Therefore, the effect of the geometry of the new cross-section seems to have more impact than the flexibility provided by the new gold alloy when files are submitted to the cyclic fatigue test.

The SEM analysis showed typical ductile fractographic appearances of cyclic fatigue fractures with micro-voids ([@ref4], [@ref9], [@ref10]). The instruments showed the presence of crack initiation areas and overload stress zones, with no morphologic differences among the three different systems ([Figure 1 d](#F1){ref-type="fig"}, [e](#F1){ref-type="fig"} and [f](#F1){ref-type="fig"} ).

Under the limitations of the present study, it can be concluded that Reciproc files are more flexible and resistant to fatigue than WaveOne and WaveOne Gold files. Moreover, although WaveOne Gold presented higher flexibility than WaveOne, no differences in the resistance to fatigue were observed between both systems.
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